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Insulin regulates glucose homeostasis by binding and activating the insulin receptor, and defects in insulin
responses (insulin resistance) induce type 2 diabetes. SH2-B, an Src homology 2 (SH2) and pleckstrin
homology domain-containing adaptor protein, binds via its SH2 domain to insulin receptor in response to
insulin; however, its physiological role remains unclear. Here we show that SH2-B was expressed in the liver,
skeletal muscle, and fat. Systemic deletion of SH2-B impaired insulin receptor activation and signaling in the
liver, skeletal muscle, and fat, including tyrosine phosphorylation of insulin receptor substrate 1 (IRS1) and
IRS2 and activation of the phosphatidylinositol 3-kinase/Akt and the Erk1/2 pathways. Consequently, SH2-
B�/� knockout mice developed age-dependent hyperinsulinemia, hyperglycemia, and glucose intolerance.
Moreover, SH2-B directly enhanced autophosphorylation of insulin receptor and tyrosine phosphorylation of
IRS1 and IRS2 in an SH2 domain-dependent manner in cultured cells. Our data suggest that SH2-B is a
physiological enhancer of insulin receptor activation and is required for maintaining normal insulin sensitivity
and glucose homeostasis during aging.

Insulin is secreted from pancreatic � cells in response to
blood glucose, which maintains glucose homeostasis by pro-
moting glucose utilization in skeletal muscle and fat and in-
hibiting hepatic gluconeogenesis. Defects of either insulin se-
cretion or insulin action cause disorders of glucose and lipid
metabolism, resulting in metabolic disregulation that
progresses to type 2 diabetes. Insulin receptor (IR) contains
intrinsic tyrosine kinase activity, and insulin stimulates IR au-
tophosphorylation, which is required for the recruitment and
phosphorylation of cellular substrates (15). Upon activation,
IR tyrosyl phosphorylates and activates multiple signaling mol-
ecules, including IR substrate 1 (IRS1), IRS2, IRS3, IRS4, Shc,
APS, and SH2-B (4, 27, 30, 40, 41, 43). IRS1 and IRS2 are
critical activators of multiple downstream pathways, including
the phosphoinositide (PI) 3-kinase/Akt and the mitogen-acti-
vated protein kinase (MAPK) pathways (45). Deletion of ei-
ther IRS1 or IRS2 causes insulin resistance; however, only
IRS2�/� mice progress to diabetes because of � cell dysfunc-
tion (6, 42, 46). The PI 3-kinase/Akt pathway is required for
glucose uptake in skeletal muscle and fat and suppression of
hepatic glucose production in response to insulin (9, 11, 38, 39,
47). The essential role of Akt is revealed in mice deficient in
Akt2 that develop severe peripheral insulin resistance and type
2 diabetes (11).

Recent structural studies suggest that dimeric APS binds to
phosphorylated tyrosines within the activation loop of IR, con-
tributing to IR activation (14). APS is a member of the SH2-B
family of Src homology 2 (SH2) domain-containing proteins

that includes SH2-B and Lnk. SH2-B� was originally identified
through its association with JAK2, a cytoplasmic tyrosine ki-
nase that mediates cytokine actions (36). SH2-B� is composed
of a pleckstrin homology domain, an SH2 domain, and multi-
ple phosphorylation sites. It binds to JAK2 via its SH2 domain,
resulting in potentiation of JAK2 activation in response to
growth hormone in cultured cells (32). SH2-B� also binds via
its SH2 domain to multiple receptor tyrosine kinases including
receptors for insulin, insulin-like growth factor 1, platelet-de-
rived growth factor, fibroblast growth factor, and nerve growth
factor receptor TrkA (17, 18, 29, 30, 33, 35, 36). Alternative
splicing of the SH2-B mRNA produces at least four isoforms
(�, �, �, and �) that differ in their C termini after the SH2
domain (25, 48); therefore, all isoforms are expected to bind to
similar tyrosine kinases via their SH2 domains.

SH2-B binds via its SH2 domain to the activation loop of IR
(18, 23, 25). Stable overexpression of SH2-B enhances insulin-
stimulated activation of both Erk1/2 and Akt in Chinese ham-
ster ovary cells (3). These observations raise the possibility that
SH2-B may play a positive regulatory role during insulin ac-
tion. In this work, we demonstrate that systemic deletion of the
SH2-B gene severely impaired insulin signaling in skeletal mus-
cle, the liver, and fat. Consequently, SH2-B�/� knockout mice
progressively developed hyperinsulinemia, hyperglycemia, and
glucose intolerance. Our results suggest that SH2-B is a phys-
iological enhancer of insulin action and is required for glucose
homeostasis during aging.

MATERIALS AND METHODS

Generation of SH2-B-deficient mice. The SH2-B gene was obtained by screen-
ing a genomic DNA library derived from mouse 129/Sv embryonic stem (ES)
cells. A DNA fragment (�5.2 to �1.2 kb upstream of the SH2-B gene) was
ligated to the pPNT vector 5� to the neo cassette. A 6.5-kb DNA sequence,
encoding the C-terminal half of the SH2 domain and 3� untranslated region, was
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ligated to the same pPNT vector 3� to the neo cassette (Fig. 1B). The SH2-B
targeting vector was introduced into R1 ES cells by electroporation. The trans-
fectants were selected with neomycin (G418) and ganciclovir. SH2-B�/� het-
erozygous ES cells were injected into C57BL/6 blastocysts to generate SH2-B-
deficient mice. Animals (on a 129/Sv and C57BL/6 mixed genetic background)
were housed on a 12-h-light and 12-h-dark cycle in the Unit for Laboratory
Animal Medicine at the University of Michigan, with free access to water and a
standard mouse diet (9% fat content) unless indicated otherwise. Animal exper-
iments were conducted by following the protocols approved by the University
Committee on the Use and Care of Animals.

Blood glucose, plasma insulin, ITT, and GTT. Blood samples collected from
the tail vein were used to measure blood glucose by the glucose oxidase method
(Glucometer Elite; Bayer Corp., Tarrytown, N.Y.) and plasma insulin with a rat
insulin enzyme-linked immunosorbent assay kit (Crystal Chem, Inc., Chicago,
Ill.). For insulin tolerance tests (ITT), mice were subjected to fasting for 6 h and
human insulin (1 IU/kg of body weight) was injected intraperitoneally. Blood
glucose was monitored at 0, 15, 30, and 60 min after glucose injection. For
glucose tolerance tests (GTT), mice were subjected to fasting overnight (�16 h)
and D-glucose (2 g/kg of body weight) was injected intraperitoneally. Blood
glucose was monitored at 0, 15, 30, 60, 90, 120, and 150 min after glucose
injection.

Immunoprecipitation and immunoblotting. Animals were anesthetized with
Avertin (0.5 g of tribromoethanol and 0.25 g of tert-amyl alcohol in 39.5 ml of
water; 0.02 ml/g of body weight) and treated for 5 min with either phosphate-
buffered saline (PBS) or human insulin (3 U per mouse) via inferior vena cava
injection. Liver, gastrocnemius muscle, and epididymal fat were isolated 5 min
after stimulation and homogenized in lysis buffer (50 mM Tris [pH 7.5], 1%
Nonidet P-40, 150 mM NaCl, 2 mM EGTA, 1 mM Na3VO4, 100 mM NaF, 10
mM Na4P2O7, 50 nM okadaic acid, 1 mM phenylmethylsulfonyl fluoride, 10 	g
of aprotinin/ml, 10 	g of leupeptin/ml). Tissue extracts were incubated with
indicated antibodies on ice for 2 h. The immune complexes were collected on
protein A-agarose during a 1-h incubation at 4°C. The beads were washed three
times with washing buffer (50 mM Tris [pH 7.5], 1% Nonidet P-40, 150 mM
NaCl, 2 mM EGTA) and boiled for 5 min in a mixture (80:20) of lysis buffer and
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) sample
buffer (250 mM Tris-HCl [pH 6.8], 10% SDS, 10% �-mercaptoethanol, 40%

glycerol, 0.01% bromophenol blue). The solubilized proteins were separated by
SDS-PAGE. Proteins on the gel were transferred to nitrocellulose membranes
and detected by immunoblotting with the indicated antibodies by enhanced
chemiluminescence. Some membranes were subsequently incubated at 55°C for
30 min in stripping buffer (100 mM �-mercaptoethanol, 2% SDS, 62.5 mM
Tris-HCl [pH 6.7]) to prepare them for reprobing.

Immunostaining. Mice were sacrificed by administering an overdose of sodium
amino barbital (200 mg/kg of body weight). The pancreas was removed, cleared
of fat and lymph nodes, fixed in Bouin’s solution, and embedded in paraffin.
Pancreatic sections (5 	m thick) were prepared, stained with hematoxylin and
eosin or antibodies against insulin or glucagon, and photographed.

In vitro kinase assays. Mice were treated with insulin (3 U) for 5 min as
described above. For the IR kinase assay, the liver was isolated and homogenized
in lysis buffer. The extracts were immunoprecipitated with anti-IR antibodies.
After extensive washing, IR immunoprecipitates were incubated with
[�-32P]ATP (15 	Ci) for 30 min at room temperature in reaction buffer (20 mM
HEPES [pH 7.6], 5 mM MnCl2, 100 mM NaCl, 0.5 mM dithiothreitol, 1 mM
Na3VO4, 5 mM MgCl2, 20 	M cold ATP, 10 	g of aprotinin/ml, 10 	g of
leupeptin/ml). The reaction was stopped by adding 10 mM EDTA. The reaction
mixture was resolved by SDS-PAGE and subsequently subjected to autoradiog-
raphy. For the PI 3-kinase assay, gastrocnemius muscles were isolated and
homogenized in lysis buffer. IRS1 was immunoprecipitated with anti-IRS1 and
subjected to an in vitro kinase assay as described previously (24). Briefly, after
extensive washing, IRS1 immunoprecipitates were incubated with L-�-phospha-
tidylinositol (2 	g) and [�-32P]ATP (5 	Ci) for exactly 15 min at room temper-
ature in kinase reaction buffer (10 mM Tris-HCl [pH 7.5], 100 mM NaCl, 14 mM
MgCl2, 1.4 mM cold ATP, 1 mM EDTA, 100 	M NaVO4). The reaction was
stopped by sequentially adding HCl (8 M) and CHCl3-MeOH (1:1). The lipid
products were extracted by centrifugation, spotted on a thin-layer chromatogra-
phy plate, separated by running buffer (CHCl3-MeOH-H2O-NH4OH at a ratio of
120:94:23.2:4), and visualized by autoradiography.

Transfection. HEK293 cells were transfected with the indicated plasmids by
using Lipofectamine 2000 reagents (Invitrogen, Carlsbad, Calif.) according to the
manufacturer’s instructions. Cells were deprived of serum overnight 24 h after
transfection and then treated with 100 nM insulin for 5 or 30 min. Cell extracts

FIG. 1. Disruption of the SH2-B gene in mice. (A) Tissue distributions of SH2-B protein. Tissue extracts were prepared from a wild-type male
(5 weeks old; 129/Sv and C57BL/6 mixed background), immunoprecipitated, and immunoblotted with anti-SH2-B. Proteins (2 mg for spleen,
pancreas, and liver or 1 mg for muscle and fat) were used for immunoprecipitation. (B) Schematic representation of target vector and homologous
recombination. The positions of the probe for Southern blotting (P) and BamHI sites (B) were marked. (C) Southern blots for the SH2-B gene.
Genomic DNAs were digested with BamHI and subjected to Southern blot analysis. (D) Liver extracts were prepared from wild-type or SH2-B�/�

males. SH2-B was immunoprecipitated (IP) and immunoblotted (IB) with anti-SH2-B (�SH2-B) (upper panel). Liver extracts were immunoblotted
with anti-Erk1 (�ERK1) (lower panel).
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were prepared and subjected to immunoprecipitation and immunoblotting with
the indicated antibodies as described above.

RESULTS

Disruption of the SH2-B gene causes age-dependent hyper-
glycemia, hyperinsulinemia, and glucose intolerance in mice.
To examine whether SH2-B is involved in insulin action in vivo,
we determined the expression of SH2-B in insulin target tis-
sues. SH2-B protein was abundant in the skeletal muscle, liver,
fat, and pancreas as measured by immunoblotting with anti-
SH2-B antibodies (Fig. 1A). To determine the role of SH2-B in
vivo, we generated SH2-B-deficient mice by replacing most of

the SH2-B gene from its promoter region (�1.2 kb) through
the majority of the coding sequence with a neo cassette (Fig.
1B). All isoforms of SH2-B are predicted to be eliminated in
SH2-B�/� knockout mice. Southern blot analysis revealed
complete disruption of the SH2-B gene in homozygotes (Fig.
1C). The SH2-B protein was detected by immunoblotting in
liver extracts from wild-type mice but not from SH2-B�/�

knockout mice, confirming that the gene was successfully de-
leted (Fig. 1D). Deletion of the SH2-B gene did not affect the
expression of other signaling molecules, including Erk1, Akt,
and p85 (Fig. 1D and data not shown).

SH2-B�/� mice were born at the Mendelian frequency (1:
2:1 for SH2-B�/�, SH2-B�/�, and SH2-B�/�), suggesting that
SH2-B was not required for embryonic development. How-
ever, SH2-B�/� homozygotes were smaller than their wild-type
littermates during their first 5 weeks of life; the fertility of
SH2-B�/� mice was impaired as previously described (26).

Because SH2-B binds to IR (18), we examined whether
disruption of SH2-B affects insulin-regulated glucose metabo-
lism. Blood glucose and plasma insulin were continuously mon-
itored in SH2-B knockout and wild-type control littermates.
SH2-B�/� knockout mice exhibited normal levels of blood
glucose and plasma insulin during their first 8 weeks of life
(data not shown); however, as male SH2-B�/� mice aged, they
developed hyperglycemia. At 11 weeks of age, blood glucose
levels following an overnight 16-h fast increased by �1.56
times in SH2-B�/� males (SH2-B�/�, 102.8 
 8.9 mg/dl, n �
10; wild type, 65.8 
 3.9 mg/dl, n � 12). However, SH2-B�/�

mice responded normally to intraperitoneally injected glucose
during GTT, suggesting that the insulin resistance was rela-
tively mild at this age (data not shown).

Insulin resistance was more severe in older SH2-B�/� males.
Blood glucose was elevated more than twofold, and plasma
insulin levels were elevated more than eightfold in SH2-B�/�

males at an age of 6 to 7 months after a 16-h fast (Fig. 2A and
B). Moreover, during a random feeding, insulin levels were
20-fold higher than normal while blood glucose levels were
3.3-fold above those of age-matched wild-type controls (Fig.
2C and D). Female SH2-B�/� mice also developed hyperinsu-
linemia, but to a lesser extent, and their blood glucose was
slightly increased (H. Yang and L. Rui, unpublished data),

FIG. 2. SH2-B�/� mice develop hyperglycemia and hyperinsulin-
emia. Wild-type (n � 12) and SH2-B�/� (n � 10) males were fed a
standard mouse diet (9% fat content) for 6 to 7 months. (A) Blood
glucose from fasting mice; (B) plasma insulin from fasting mice;
(C) blood glucose from randomly fed mice; (D) plasma insulin from
randomly fed mice. *, P � 0.05 compared with wild-type controls.

FIG. 3. SH2-B�/� mice develop glucose intolerance and reduced response to exogenous insulin. Wild-type (n � 12) and SH2-B�/� (n � 10)
males were a fed standard mouse diet (9% fat content) for 6 to 7 months. (A) GTT. Mice were injected intraperitoneally with D-glucose (2 mg/kg
of body weight), and blood glucose was monitored at 0, 15, 30, 60, 90, 120, and 150 min after injection. (B) ITT. Mice were injected intraperitoneally
with human insulin (1 IU/kg of body weight), and blood glucose was monitored at 0, 15, 30, and 60 min after injection.
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consistent with various other mouse models in which males are
more susceptible to glucose intolerance and type 2 diabetes
than females (8, 46).

To validate the role of SH2-B on glucose homeostasis, GTT
and ITT were conducted on 6- to 7-month-old male mice.
Intraperitoneal injection of exogenous glucose elevated blood
glucose levels in both wild-type and SH2-B�/� mice; however,
the magnitude and duration of glucose elevation were much
larger in SH2-B�/� males than in age-matched wild-type con-
trols (Fig. 3A), suggesting that SH2-B�/� mice are intolerant
to exogenous glucose. Exogenous insulin lowered blood glu-
cose in wild-type mice as expected; however, the ability of

insulin to reduce blood glucose was dramatically impaired in
SH2-B�/� mice (Fig. 3B). Together, these data indicated that
SH2-B�/� mice are insulin resistant and progress toward type
2 diabetes with increasing age.

Type 2 diabetes develops as a result of a combination of
peripheral insulin resistance and dysfunction of pancreatic �
cells that fail to secrete sufficient insulin in response to ele-
vated blood glucose. To determine whether islets contribute to
hyperglycemia and glucose intolerance in SH2-B�/� mice, the
pancreas was isolated from wild-type or SH2-B�/� males at 6
months and islets were visualized by hematoxylin and eosin
staining or immunostaining with antibodies against glucagon

FIG. 4. Disruption of the SH2-B gene causes hyperplasia of islets. Pancreatic sections (5 	m thick) from wild-type or SH2-B�/� knockout males
(6 months old) were stained with hematoxylin and eosin (H&E) or antibodies against insulin or glucagon as indicated. Bar, 2.5 	m.
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or insulin. Islet size was increased significantly in SH2-B�/�

mice, consistent with profound peripheral insulin resistance
(Fig. 4). The large islets retained normal architecture with
glucagon-producing � cells at the periphery and insulin-pro-
ducing � cells at the center, suggesting that SH2-B may not be
required for � cell growth and insulin production (Fig. 4).
Hyperplasia of � cells is a common compensatory mechanism
in response to peripheral insulin resistance.

Blood glucose and plasma insulin levels were similar be-
tween wild-type mice and SH2-B�/� heterozygotes (Fig. 2A
and B); however, SH2-B�/� heterozygous males developed
hyperinsulinemia on high-fat diets (45% fat content) to a much
greater extent than age-matched wild-type control males (Fig.
5). Haploinsufficiency of SH2-B may predispose the mutants to
insulin resistance and type 2 diabetes.

Deletion of SH2-B impairs insulin signaling in vivo. To gain
insight into potential mechanisms of SH2-B action, we exam-
ined insulin signaling in tissues of SH2-B-deficient mice. Mice
(7 months) were subjected to fasting overnight and then
treated for 5 min with human insulin (3 U per mouse) or PBS
as a control. The skeletal muscle and liver were removed and
prepared for specific immunoprecipitation, immunoblot, and
in vitro kinase analysis. The autophosphorylation of IR immu-
noprecipitates was measured by immunoblotting with an-
tiphosphotyrosine antibodies. Insulin rapidly stimulated ty-
rosine phosphorylation of IR in wild-type mice; however, IR
autophosphorylation was significantly reduced in SH2-B�/�

mice even though IR protein levels were similar between SH2-
B�/� mice and age-matched wild-type controls (Fig. 6A). IR
activity was also measured directly by an in vitro kinase assay.
Hepatic IR was immunoprecipitated from SH2-B�/� or age-
matched wild-type control mice and subjected to an in vitro
kinase assay in the presence of [�-32P]ATP. In PBS-treated
control mice, basal IR activity was similar between SH2-B�/�

and wild-type control mice. Insulin strongly stimulated IR ki-
nase activity in wild-type mice; in contrast, insulin-stimulated
IR activity was reduced in SH2-B�/� mice by approximately
38% (Fig. 6B). These results suggest that SH2-B may be a
physiological enhancer of IR activation in animals.

To examine whether deletion of SH2-B impairs tyrosine
phosphorylation of IRS1 and IRS2, old wild-type and SH2-B�/�

mice (7 months) were subjected to fasting overnight (�18 h) and
then treated with PBS or human insulin. Immunopurified IRS1 or
IRS2 was immunoblotted with antiphosphotyrosine antibodies.
Insulin-stimulated tyrosine phosphorylation of IRS1 was signifi-
cantly reduced in muscle from SH2-B�/� mice (Fig. 6C). Quan-
titative analysis revealed a 70% reduction in skeletal muscle and
an 80% reduction in adipose tissues (Fig. 6D). Similarly, insulin-
stimulated tyrosine phosphorylation of hepatic IRS2 was reduced
by 85% in SH2-B�/� mice (Fig. 6C and D). Interestingly, insulin-
stimulated tyrosine phosphorylation of IR, IRS1, and IRS2 was
similar between young SH2-B�/� and wild-type littermates at an
age of 7 weeks (Fig. 6E), consistent with normal glucose metab-
olism in young SH2-B knockout mice less than 8 weeks old.

Activation of the PI 3-kinase 3 Akt cascade plays an im-
portant role in insulin action. The cascade is initiated through
the interaction of IRS1 or IRS2 with the p85 regulatory sub-
unit of the PI 3-kinse (44, 45). To determine the interaction of
p85 with IRS proteins, mice (7 months) were subjected to
fasting overnight and treated with insulin or PBS as a control.
IRS1 and IRS2 were immunoprecipitated with anti-IRS1 and
anti-IRS2 antibodies, respectively, and immunoblotted with
anti-p85 antibody. Insulin promoted coimmunoprecipitation of
p85 with both IRS1 and IRS2 in wild-type control mice,
whereas these interactions were significantly reduced in SH2-
B�/� mice (Fig. 6C). Moreover, IRS1-associated PI 3-kinase
activity was measured by in vitro kinase assays. Insulin stimu-
lated the IRS1-associated PI 3-kinase activity by 6-fold in the
skeletal muscle from wild-type control animals, whereas PI
3-kinase activity increased only 1.5-fold in response to insulin
in SH2-B�/� knockout mice (Fig. 7A). Akt activation was
estimated by immunoblotting with anti-phospho-Akt that spe-
cifically recognizes phosphorylated Akt at Thr308 or Ser473.
Insulin stimulated the phosphorylation of Akt at Thr308 by
5-fold in the liver and 1.5-fold in muscle from wild-type mice,
whereas the same treatment increased Thr308 phosphorylation
by only 0.6-fold in the liver and 0.1-fold in muscle from SH2-
B�/� mice (Fig. 7B). The insulin-stimulated phosphorylation
of Akt at Ser473 was also reduced significantly in SH2-B�/�

mice (C. Duan and L. Rui, unpublished data). Moreover, the
activation of Erk1 and Erk2 was examined by immunoblotting
with anti-phospho-MAPK that specifically recognizes phos-
phorylated and activated Erk1 and Erk2. Insulin rapidly stim-
ulated the activation of Erk1/2 in wild-type control mice,
whereas Erk1/2 activation was dramatically reduced in SH2-
B�/� mice, although the protein levels of Erk1 and Erk2 were
similar between SH2-B�/� and wild-type control mice (Fig.
7C). These data suggest that inhibition of insulin signaling in
the liver, muscle, and fat from SH2-B�/� mice, including the
activation of IR, IRS1, IRS2, and the PI 3-kinase pathways,
may contribute to hyperglycemia, hyperinsulinemia, and glu-
cose intolerance.

SH2-B enhances IR activation. It has been shown previously
that SH2-B binds directly to JAK2 via its SH2 domain, result-
ing in potent activation of JAK2 (32). To determine whether
SH2-B promotes IR activation in a similar fashion, HEK293
cells were transiently cotransfected with plasmids encoding
Myc-tagged SH2-B� and IR and then treated with insulin.
Insulin stimulated the autophosphorylation of IR in cells trans-

FIG. 5. Heterozygous deletion of SH2-B enhances high-fat-diet-
induced insulin resistance. Wild-type or heterozygous SH2-B�/� mice
(5-month-old males, n � 5) were fed a high-fat diet (45% fat, D12451;
Research Diets, Inc.) for 4 weeks. Animals were subjected to fasting
overnight (16 h), and plasma insulin was measured by using rat insulin
enzyme-linked immunosorbent assay kits. *, P � 0.05 compared with
wild-type controls.
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fected with control empty vector (Fig. 8A). Coexpression of
SH2-B� greatly increased IR autophosphorylation, although
IR protein levels were not changed (Fig. 8A). In contrast,
SH2-B (R555E), which contains a point mutation (Arg555 to
Glu) within the SH2 domain and is unable to bind to IR, failed
to stimulate IR activation even though it was expressed at a
similar level (Fig. 8A).

The potentiation of IR activation by SH2-B was further

confirmed by examining the IR-mediated phosphorylation of
IRS1 and IRS2 in the presence or absence of SH2-B. IRS1 or
IRS2 was coexpressed in HEK293 cells with Myc-tagged
SH2-B� or SH2-B (R555E) in the presence of IR. Insulin
stimulated the tyrosine phosphorylation of IRS1 and IRS2 by
IR in control cells; SH2-B increased both the basal and insulin-
stimulated tyrosine phosphorylation of IRS1 and IRS2 without
a change in protein levels (Fig. 8B and C). In contrast, SH2-B

FIG. 6. Disruption of the SH2-B gene inhibits IR activation, ty-
rosine phosphorylation of IRS1 and IRS2, and interaction of IRS
proteins with p85. Wild-type or SH2-B�/� males (7 months old) were
subjected to fasting overnight (�18 h) and administered human insulin
(3 U per mouse) or PBS as a control via the inferior vena cava. The
liver, gastrocnemius muscle, and epididymal fat were isolated 5 min
after stimulation and homogenized. (A) Muscle extracts were immu-
noprecipitated (IP) with anti-IR (�IR) and immunoblotted (IB) with
antiphosphotyrosine (�PY, top panel) or anti-IR (bottom panel). Each
lane represents an individual mouse. (B) Immunopurified hepatic IR
was subjected to in vitro kinase assays in the presence of [�-32P]ATP
with (�) and without (�) insulin. (C) IRS1 was immunoprecipitated
with anti-IRS1 (�IRS1) from muscle extracts and separated by SDS-
PAGE. The blot was cut into two pieces along the molecular standard
of 117 kDa. The upper piece was immunoblotted with antiphosphoty-
rosine and subsequently reprobed with anti-IRS1. The bottom piece
was immunoblotted with the anti-p85 regulatory subunit of PI 3-kinase
(�p85). Similarly, hepatic IRS2 was immunoprecipitated with anti-
IRS2 (�IRS2) and immunoblotted with anti-phosphotyrosine, anti-
p85, or anti-IRS2 as indicated. (D) Tyrosine phosphorylation of IRS1
or IRS2 was quantified and normalized to total IRS1 or IRS2, respec-
tively. Each bar represents the average of the results from two to three
mice. (E) SH2-B�/� and wild-type littermates (7-week-old males) were
subjected to fasting overnight (�18 h) and treated with human insulin
(3 U per mouse) for 5 min. Liver extracts were immunoprecipitated
with anti-IR, anti-IRS1, or anti-IRS2 and immunoblotted with an-
tiphosphotyrosine. The blots were reprobed with anti-IR, anti-IRS1, or
anti-IRS2 as indicated.
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(R555E), as a dominant-negative mutant, inhibited the ty-
rosine phosphorylation of IRS1 and IRS2 (Fig. 8B and C).
Together, SH2-B binds via its SH2 domain to the activation
loop of IR, resulting in enhancement of IR activation.

DISCUSSION

SH2-B was reported previously to directly bind to IR in cul-
tured cells (18, 25, 30). In this study, we demonstrated that SH2-B
was expressed in insulin target tissues including the liver, muscle,
and fat. Deletion of SH2-B inhibited IR activation and signaling
in the liver, muscle, and fat, including tyrosine phosphorylation of
IRS1 and IRS2 and activation of the PI 3-kinase/Akt and Erk1/2
pathways. Consequently, SH2-B knockout mice developed age-
dependent hyperglycemia, hyperinsulinemia, and glucose intoler-
ance. These findings indicate that SH2-B is required for main-
taining normal glucose homeostasis in vivo, presumably by
enhancing IR activation and signaling in the liver, muscle, and/or
fat. Consistent with this idea, SH2-B binds via its SH2 domain
directly to the activation loop of IR (18, 25, 30). This interaction
promotes insulin signaling, as SH2-B, but not SH2-B (R555E)
lacking the functional SH2 domain, enhanced IR autophosphor-
ylation and tyrosine phosphorylation of IRS1 and IRS2 in cul-
tured cells.

SH2-B could promote IR activation in several ways. Struc-

ture data revealed that the SH2 domain of APS, which is 80%
identical in amino acid sequence to the SH2 domain of SH2-B,
binds as a dimer to the activation loops of both � subunits of
IR (14). SH2-B forms multimers through an N-terminal asso-
ciation domain, suggesting that SH2B may interact with the IR
in a similar way (28). Multimeric SH2-B may not only increase
its affinity for IR but also stabilize IR in an active state. Alter-
natively, the binding of SH2-B may protect the activated IR
from dephosphorylation by protein tyrosine phosphatases
(e.g., PTP1B), prolonging IR activity and signaling.

The late onset of hyperglycemia, hyperinsulinemia, and glu-
cose intolerance in SH2-B knockout mice is intriguing. Increas-
ing evidence suggests that chronic cellular stress, which is as-
sociated with aging, impairs insulin signaling, contributing to
type 2 diabetes. Stress activates various Ser/Thr kinases includ-
ing JNK, which may phosphorylate IRS1 and IRS2 at inhibi-
tory serines or threonines (1, 2, 12, 13, 16, 19, 31, 49). In
addition, cellular stress also induces a reduction of IRS1 and
IRS2 via the ubiquitin/proteasome-mediated degradation, fur-
ther decreasing insulin sensitivity (34, 37). SH2-B may provide
a mechanism to antagonize stress-induced insulin resistance by
enhancing IR activation, thus maintaining relatively normal
insulin sensitivity during aging and environmental stress. In-
terestingly, SH2-B is widely expressed in multiple tissues in

FIG. 7. Deletion of SH2-B impairs insulin-induced activation of the PI 3-kinase/Akt and the MAPK pathways. Wild-type or SH2-B�/� males
(7 months old) were subjected to fasting overnight (�18 h) and administered human insulin (3 U per mouse) (�) or PBS (�) as a control via the
inferior vena cava. Tissues were isolated 5 min after stimulation and homogenized. (A) IRS1 proteins were immunoprecipitated from the
gastrocnemius muscle with anti-IRS1, and IRS1-associated PI 3-kinase was subjected to in vitro kinase assays. (B) Tissue extracts were immu-
noblotted with anti-phospho-Akt that recognizes Akt phosphorylated specifically on Thr308. The same blots were stripped and reprobed with
anti-Akt. Akt phosphorylation was normalized to the total amounts of Akt proteins. (C) Interscapular brown fat extracts were immunoblotted (IB)
with anti-phospho-MAPK (�pMAPK) that specifically recognizes phosphorylated and activated Erk1/2. The same blots were stripped and
reprobed with anti-Erk1 (�Erk1) that recognizes both Erk1 and Erk2. Each lane represents the results from an individual mouse.
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addition to the liver, muscle, and fat. It has been shown pre-
viously that SH2-B binds directly to JAK2 and serves as a
substrate of JAK2. JAK2 is a cytoplasmic tyrosine kinase that
mediates cell signaling by a verity of cytokines including growth
hormone, prolactin, leptin, interleukin-6, and gamma inter-
feron. Cytokines are well characterized to modulate insulin
sensitivity. Deletion of SH2-B may also alter the actions of
some cytokines, resulting in the inhibition of insulin responses.
Therefore, SH2-B may enhance insulin sensitivity both directly
by binding to IR and indirectly via modulation of JAK2-medi-
ated cytokine responses.

SH2-B shares homology with APS, especially within the
pleckstrin homology and SH2 domains. Both APS and SH2-B
bind to the same site in IR and enhance insulin-stimulated
activation of Akt1 and Erk1/2 in cultured cells (3, 4, 18, 23, 25,
30). APS binds to Cbl and recruits the Cbl/TC10 pathway in
response to insulin (5, 7, 10, 20, 21). The Cbl/TC10 pathway
has been reported to be required for insulin-stimulated glucose
uptake in adipocytes (7, 10). Surprisingly, disruption of the
APS gene increases insulin sensitivity in mice (22). In contrast,
deletion of SH2-B induces severe insulin resistance and glu-
cose intolerance, as demonstrated in this study. This striking
phenotypic difference indicates that SH2-B cannot be function-
ally replaced by APS in vivo. A simple explanation would be
that SH2-B and APS perform distinct functions in vivo. Alter-
natively, APS may not be expressed in SH2-B target tissues, or
APS expression may not be sufficient to compensate for SH2-B

action in SH2-B knockout mice. In contrast, SH2-B may be highly
expressed in APS target tissues and may mediate insulin action
even better than APS. APS competes for the same binding site in
IR with SH2-B. APS also heteromultimerizes with SH2-B (28)
and may inhibit SH2-B action. Therefore, deletion of the APS
gene may relieve inhibition of SH2-B from APS, resulting in
increased insulin sensitivity in APS knockout mice.

In summary, we have shown that disruption of the SH2-B
gene impaired insulin signaling in the liver, skeletal muscle,
and fat. Consequently, SH2-B knockout mice developed hy-
perglycemia, hyperinsulinemia, and glucose intolerance during
aging. Moreover, SH2-B directly enhanced IR activation and
subsequent tyrosine phosphorylation of IRS1 and IRS2 in cul-
tured cells, suggesting that SH2-B is a physiological enhancer
of IR activation. SH2-B expression and its regulated signaling
events may serve as potential drug targets for therapeutic in-
tervention of insulin resistance and type 2 diabetes.
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